Members of the class XI of the myosin superfamily comprising higher plant, actin-based molecular motors have been shown to be involved in peroxisome and Golgi vesicle trafficking comparable to yeast and animal class V myosins. The tasks of the second class of myosins of higher plants, class VIII, are unclear. In this study the class VIII myosin ATM2 from the model plant Arabidopsis thaliana was selected for the examination of cargo specificity in vivo. Fluorescent proteinfusion plasmid constructs with fragments of the ATM2 cDNA were generated and used for Agrobacterium tumefaciens-based transient transformation of Nicotiana benthamiana leaves. The resulting subcellular localization patterns were recorded by live imaging with confocal laser scanning microscopy (CLSM) in epidermal leaf cells. Expression of a nearly full-length construct displayed labeling of filaments and vesicles, a head 1 neck fragment led to decoration of filaments only. However, expression of fluorescent protein-tagged C-terminal tail domain constructs labeled vesicular structures of different appearance. Most importantly, coexpression of different RFP/YFP-ATM2 tail fusion proteins showed colocalization and, hence, binding to the same type of vesicular target. Further coexpression experiments of RFP/YFP-ATM2 tail fusion proteins with the endosomal marker FYVE and the endosomal tracer FM4-64 demonstrated colocalization with endosomes. Colocalization was also detected by expression of the CFP-tagged membrane receptor BRI1 as marker, which is constantly recycled via endosomes. Occasionally the ATM2 tail targeted to sites at the plasma membrane closely resembling the pattern obtained upon expression of the YFP-ATM1 C-terminal tail. ATM1 is known for its localization at the plasma membrane at sites of plasmodesmata. Cell Motil. Cytoskeleton 65: 457-468, 2008. '
INTRODUCTION
Endocytosis in plants has recently gained increasing attention because of the finding that receptors can be internalized similar to animals. This holds true for receptors recognizing endogenous signals such as brassinosteroid hormones [Russinova et al., 2004] or not yet defined molecules involved in development [Gifford et al., 2005] as well as exogenous signals such as pathogen-associated molecular patterns in plant innate immunity [Robatzek et al., 2006] Internalization of the receptors of the endogenous signals is constitutive. However, the best characterized paradigm of plant immune receptors, the FLS2 receptor kinase, which recognizes bacterial flagellin and triggers the defence response [Gomez-Gomez and Bol-ler, 2002] , is induced to be internalized specifically upon ligand binding. This is the first example of ligand-mediated receptor endocytosis in plants [Robatzek et al., 2006] . Previously, nothing was known about the further degradation or potential recycling of these receptors and the route and processing of the according endosomal vesicles. Although knowledge of endosomal trafficking in plants lags far behind animal and yeast, the major vesicular compartments of the endocytic pathway have been described [Geldner, 2004; Samaj et al, 2005] . Resembling the situation in animal cells, uptake of material happens through clathrin-coated pits which are processed to early endosomes, sometimes called partiallycoated reticulum (PCR). The next stage comprises the late endosomes/multivesicular bodies/ prevacuolar compartment and is connected to the vacuole and lysosomes and to the trans-Golgi network, which is thought to participate in extensive exchange of material.
In animal cells, several actin-based molecular motors of the large family of myosins, myosin II, Va,VI and VIIa are required for the transportation of endosomes [Buss et al., 2001; Aschenbrenner et al., 2003; Holt et al., 2007] . This raises the possibility that myosins might also be involved in plant endocytosis. In higher plants, the myosins exclusively fall into two classes, class XI and class VIII [Hodge and Cope, 2000; Berg et al., 2001] . In the genome of the model plant Arabidopsis thaliana 17 myosin genes were identified, 4 of them belong to class VIII and 13 to class XI [Reddy and Day, 2001] . Although plant myosins appear to form a clade of their own, the available sequence data nevertheless suggest that they follow the domain pattern typical for most of the myosins: the highly conserved N-terminal head (motor) domain responsible for ATP hydrolysis, binding to actin and production of force, the neck domain containing characteristic repeat motifs (IQ repeats) , and the C-terminal tail domain mediating cargo binding. The IQ motifs of the neck domain are known to be binding sites for calmodulin or regulatory light chains in other systems, though binding partners for plant myosins are unknown. The tail domain usually contains one or more coiled-coil regions responsible for dimerization.
Recent findings have elucidated the cargo specificity of myosins from A. thaliana belonging to the class XI of the plant myosins [Holweg and Nick, 2004; Wang and Pesacreta, 2004; Hashimoto et al., 2005; Li and Nebenfuhr, 2007; Reisen and Hanson, 2007; Peremyslov et al., 2008; Avisar et al., 2008b] . According to these reports, members of class XI transport organelles such as Golgi stacks and peroxisomes. In animals and fungi organelle movements are driven by the class V myosins. Structural similarity of the cargo-binding globular tail domain was found between this class and the plant class XI myosins [Li and Nebenfuhr, 2007] . This implicates functional analogy of plant class XI myosins to non-plant class V myosins. Little information is available about the second class of higher plant myosins, class VIII. The subcellular localization of ATM1, the first described class VIII myosin from A. thaliana, was investigated by transmission electron microscopy and immunocytology [Reichelt et al., 1999] . In maize root apices labeling with ATM1-specific antibodies was detected at the transversal plasma membrane between cells that had just divided, preferentially at plasmodesmata. Further immunolocalization studies indicated relocation of the labeling to the surface of statoliths in maize root cap cells upon hyperosmotic stimulation accompanied by the reorganization of the actin cytoskeleton [Wojtaszek et al., 2005] whereas in A. thaliana leaves the ATM1-specific antibodies decorated chloroplast surfaces. The authors suggest from their data a role of myosin VIII in actin filament anchoring at sites of plasmodesmata and in osmosensing. Recent investigations on class VIII myosins from Nicotiana benthamiana render obvious that class VIII myosins function in protein delivery to plasmodesmata [Avisar et al., 2008a] . In this study ectopic overexpression of the tail domains of class VIII myosins, but not class XI myosins, interferred with the plasmodesmatal targeting of the Hsp70 homolog (Hsp70h) of Beet yellow virus (BYV) essential for virion assembly and cell-to-cell movement. Another recent publication employed GFP tagging technology to investigate the subcellular localization of ATM1 [Golomb et al., 2008] . By transient expression of an ATM1-tail domain GFP fusion protein (GFP::ATM1-IQ tail) in N. benthamiana the fluorescent signal was found in pit fields where callose had accumulated, which strongly suggests plasmodesmatal localization. Furthermore, GFP::ATM1-IQ tail colocalized with the endosomal tracer FM4-64 and partially with the endosomal marker ARA6 indicating a role of ATM1 in endocytosis.
In our present study we investigated the subcellular localization and cargo-binding specificity of the class VIII myosin ATM2 and, for comparison, of ATM1 from A. thaliana. We demonstrate that ATM2 binds to vesicles that belong to the endocytotic pathway. Sporadically it was also found at plasmodesmata. ATM1, however, was found at plasmodesmata, in accordance with earlier data [Reichelt et al., 1999; Wojtaszek et al., 2005; Golomb et al., 2008] .
MATERIALS AND METHODS
RNA Extraction, RT-PCR, and Plasmid Construction RNA was extracted from A. thaliana cv Columbia leaves using RNeasy Plant Mini Kit (Qiagen) followed by reverse transcription using Superscript II reverse tran-scriptase (Qiagen) with an oligo-dT primer. Myosin VIII constructs from the cDNAs of the genes AT3G19960 (ATM1) and AT5G54280 (ATM2) were amplified by PCR allowing GATEWAY directional cloning using the attB primer extension sites by Accu prime TM Taq DNA polymerase (Invitogen, Karlsruhe, Germany) to generate PCR products that are flanked by attB sites. The following primers were used:
Separate BP recombination reactions with the donor vector pDONR.221 were performed to generate entry clones containing myosin VIII constructs according to the manufacturer's instructions (Invitrogen). The entry clone plasmid DNA was extracted using the Plasmid Isolation Mini Kit (Qiagen, Hilden, Germany) and verified by PCR amplification and sequencing. The LR reaction was used to transfer the insert from entry clones to the destination vector containing the 23 CaM 35S promoter plus YFP/RFP placed N/C-terminally of a Gateway recombination cassette according to the manufacturer's instructions (Invitrogen, Karlsruhe, Germany). The insert sizes were verified by PCR amplification. The expression clone plasmid DNA was extracted using the company's protocol (Qiagen, Hilden, Germany, MachereyNagel, Düren, Germany).
Plant Growth and Transient Expression of Fluorescence Protein Fusion Constructs
Nicotiana benthamiana. Leaves of 4-6 week old N. benthamiana plants grown at 228C under a 16 h light/ 8 h dark cycle were used for transformation. Extracted plasmids were electroporated into A. tumefaciens GV3101 carrying the helper plasmid pMP90RK [Koncz et al., 1990] and selected on agar plates containing the appropriate antibiotics. Transformation of N. benthamiana leaves by A. tumefaciens directly from plates was performed. Cultures were resuspended in 10 mM MgCl 2 , 10 mM MES pH 5.6 and 150 lM acetosyringone to an OD of 0.5, and incubated for 2-5 h at 288C in the dark, and infiltrated with a needleless syringe from the abaxial side into N. benthamiana leaves. The level and duration of expression was substantially improved by employing coexpression of a virus-encoded suppressor of gene silencing, the p19 protein of tomato bushy stunt virus (TBSV), that prevents post-transcriptional gene silencing (PTGS ) in the infiltrated tissues [Voinnet et al., 2003] . Observations were made 3-5 days after infiltration.
Labeling and Staining of Endosomal Compartments and Nuclei, Plasmolysis
For visualization of the endosomal compartments, the RFP fusion protein of the tandem FYVE domain, which was recently shown to label plant endosomes, was used [Voigt et al., 2005] . The BRI1-CFP construct [Russinova et al., 2004] was amplified by PCR using the folowing primers: BRI1forward, ATGAAGACTTTTT-CAAGCTTCTTT; BRI1reverse, CTAATTTTCCTT-CAGGAA. This amplificate was cloned by GATEWAY technology in the destination vector containing the 23 CaM 35S promoter plus CFP placed C-terminally of a Gateway recombination cassette. For staining with the endosomal tracer FM4-64 (Invitrogen, Karlsruhe, Germany) leaves of N. benthamiana were immersed for 15 min in a solution of FM4-64 (10 lM) or infiltrated with a needleless syringe. For propidium iodide counter staining of nuclei, leaves were immersed in a solution of 2.5% mannitol/0.01% silwet/0.2% propidium iodide (all chemicals from SIGMA-ALDRICH, Taufkirchen, Germany). For plasmolysis, leaves were mounted with 300 mM NaCl.
Confocal Laser Scanning Microscopy
CLSM was performed on a Leica DMRE-7 (SDK) microscope equipped with a TCS-SP2 confocal scanning head (Leica Microsystems, Heidelberg, Germany). The 514 nm line of an argon laser was used to excite YFP and FM4-64, a He/Ne laser at 562 nm for RFP. The CFP was excited by using a 405 nm diode laser. Emission of fluorescence was detected in the range of 570-634 nm for RFP constructs and 535-545 nm for YFP constructs. The FM4-64 emission was detected between 600 and 700 nm. Images were recorded and processed using the LCS software 2.5 (Leica Microsytems, Heidelberg, Germany). The imaging in colocalization experiments was done in the sequential mode (line by line) in order to exclude cross-talk due to spectral overlap of the fluorophores.
RESULTS

Generation of ATM1 and ATM2 YFP-Fusion Constructs
Alignment of the amino acid sequences of the four class VIII myosins from A. thaliana resulted in a cladogram grouping AT3G19960 (ATM1) together with AT1G50360 and AT5G54280 (ATM2) together with AT4G27370 (Fig. 1A) . In Figure 1B , the alignment of the amino acid sequences of the respective globular tail domains, starting just behind the IQ repeats, illustrates sequence identities and similarities between the four A. thaliana myosin VIII proteins. According to publicly available maps of the tissue-and developmental-specific expression of these myosins (http://bbc.botany.utoronto.ca/efp/cgi-bin/efpWeb.cgi), ATM1 and ATM2 occur essentially throughout the whole plant at all developmental stages, except in pollen. The expression levels in roots are low for ATM1 and not detectable for ATM2. AT4G27370 is exclusively pollen specific and for AT1G50360 a detailed expression map is not available yet, however it appears to be expressed in green tissue parts. Because of their presence in almost all organs and tissues of A. thaliana we investigated the subcellular localization of ATM1 and ATM2. For this purpose, a number of YFP-fusion constructs with the respective cDNA fragments have been designed (Fig. 2) for use in transient expression in N. benthamiana (A. tumefaciens-mediated transformation). Regarding ATM2, five constructs were made: a nearly full-length construct with C-terminal YFP fusion (ATM2 head1tail::YFP), a construct containing the head and neck domain with Cterminal YFP fusion (ATM2 head1IQ::YFP), two YFP tail domain fusions starting just behind the neck domain with YFP (RFP) fused either to the N-terminus (YFP::ATM2 tail-long) or to the C-terminus (ATM2 taillong::YFP/RFP) and a slightly shorter tail construct starting just with the coiled-coil domain fused N-terminally with YFP (YFP::ATM2 tail-short). For ATM1 only one construct was generated which was comprised of the fulllength tail domain, starting just behind the neck domain, fused N-terminally with YFP (YFP::ATM1 tail-long).
Transient Expression of ATM2 Fusion Proteins
Between 3 and 5 days after inoculation of N. benthamiana leaves with A. tumefaciens, the YFP fluorescence was recorded with CLSM in epidermal cells. In Figure 3 , the subcellular patterns of the various YFPtagged ATM2 proteins are displayed. ATM2 head1 tail::YFP labeled filamentous structures with some vesicles along them (Fig. 3A) . We also tried to express this ATM2 head1tail fragment as an N-terminal YFP fusion, but this resulted in only weak cytoplasmic signals without distinct localization (not shown). The ATM2 head1IQ::YFP protein exclusively decorated filaments throughout the whole cell, probably because of the actin binding site of the head domain (Fig. 3B) . In contrast, all the three ATM2 tail YFP fusions labeled vesicles, although the pattern and appearance of these vesicles varyied (Figs. 3D-3F). The prevailing vesicular pattern (in 80% of cells) of those three fusion constructs was as follows: ATM2 tail-long::YFP labeled vesicles in rows along filaments (Fig. 3E) , YFP::ATM2 tail-long visualized densely packed small vesicles of similar diameter (about 1 lm) in the cell periphery (Fig. 3D ) and YFP::ATM2 tail-short labeled vesicular structures of variable diameter (0.5-4 lm) which, in contrast to the others, were motile (Fig. 3F) . All ATM2 tail constructs labeled 1-3 distinct dots of variable size within nuclei, as illustrated in Figure 3C for YFP::ATM2 tail-long employing nuclear counterstaining with propidium iodide. The appearance of this subnuclear localization pattern was distinct from the nuclear labeling with YFP alone which was evenly distributed throughout the whole nucleus except the nucleolus (Fig. 3D) .
Coexpression of ATM2 Tail Constructs
In order to examine the difference between the vesicular localization patterns obtained with the three ATM2 tails, coexpression studies were performed using ATM2 tail-long::RFP together with YFP::ATM2 tailshort (Figs. 4A-4C ) and ATM2 tail-long::RFP together with YFP::ATM2 tail-long (Figs. 4D-4F ). While the pattern of the single-expressed ATM2 tail-long::YFP was ''vesicles in a row'' and of the single-expressed YFP::ATM2 tail-short variable-sized motile vesicles (see Figs. 3D and 3F ), coexpression resulted in colocalization of the differently tagged vesicles (Figs. 4A-4C) . Similarly, extensive colocalization, at least with respect to all larger vesicles, was found upon coexpression of ATM2 tail-long::RFP and YFP::ATM2 tail-long (Figs. 4D-4F), although single expression of the latter revealed densely packed small peripheral vesicles. Thus, by coexpressing the different ATM2 tail versions, the patterns of labeled vesicular structures merged. This indicates a close interrelation of the vesicular targets.
Colocalization of ATM2 With Endosomes
To identify the nature of the vesicles that are the targets of ATM2, comprehensive colocalization studies were carried out. An array of fluorescence protein-tagged markers for organelles such as peroxisomes, Golgi vesicles, ER and mitochondria was employed in coexpression experiments with the ATM2 tail constructs. No colocalization of the organelles with the ATM2 tail YFP-fusion proteins was found (data not shown). Further experiments revealed that coexpression of YFP::ATM2 tail-long with the endosomal marker FYVE resulted in partial colocalization (Figs. 5A-5C ). The double-labeled vesicles were motile and small-to medium-sized (1.5-4 lm in diameter), while the bulk of the small peripheral, non-motile vesicles were not labeled by the FYVE marker.
In a further set of experiments, the dye FM4-64, which is widely used to study endocytosis, was applied to N. benthamiana leaf tissue expressing either the YFP::ATM2 tail-long or the YFP::ATM2 tail-short. At various times after dye treatment, tissue was imaged by CLSM. Already after 15 min of preincubation with a FM4-64 solution, the internalized dye stained vesicles in epidermal cells. Importantly, two different types of vesicles were labeled by FM4-64 (Figs. 5D-5F ). In cells in which the YFP-fusion protein was expressed, small peripheral vesicles showed YFP labeling (Fig. 5D ). In these cells the same vesicles were also stained with FM4-64 (Figs. 5E and 5F). In contrast, cells lacking expression of YFP::ATM2 tail-long displayed FM4-64 labeling of larger and motile vesicles that were variable in size (2-5 lm in diameter) and sometimes irregular in shape (Figs. 5E and 5F ). The appearance of the YFP and FM4-64 double-labeled small vesicles essentially did not change for at least 1 h. In cells expressing YFP::ATM2 tail-short, nearly 100% double-labeling of YFP and FM4-64 of the motile, variable sized vesicles, which are typically seen by labeling with this fusion protein (see Fig. 3 ), was observed (Figs. 5G-5I ).
To test whether endosomes containing the internalized receptor BRI1 actually bind to ATM2, the colocalization of CFP::BRI1 with YFP::ATM2 tail-long was examined. Upon coexpression of these constructs in N. benthamiana leaves, vesicles were detected that showed labeling with both of the FP-fusion proteins (Figs. 5K-5M ).
Plasmodesmatal Targeting of the ATM1-and ATM2-Tail Domain
Occasionally, in about 10 % of cells, expression of the YFP::ATM2 tail-long lead to a localization at the wall of epidermal cells (Figs. 5A and 5B). It localized to spots opposite to each other at either side of the wall between two adjacent epidermal cells. When the tissue was plasmolyzed, cells with high expression levels of YFP::ATM2 tail-long showed labeling of Hecht threads and, strikingly, fluorescent spots that were not retracted during the process of plasmolysis and remained at the cell wall (Figs. 5E-5G) . The well-known Hecht threads are formed upon plasmolysis because of the continuation of the plasma membrane into the adjacent cell through plasmodesmata. Thus the YFP::ATM2 tail-long labeled spots at the wall of plasmolysed cells could mark sites of plasmodesmata. As a control for this subcellular targeting of the ATM2 tail fusion protein in N. benthamiana epidermal cells the YFP-tagged ATM1 tail domain (YFP::ATM1 tail-long) was expressed which resulted in a localization pattern very similar to YFP::ATM2 tail-long (Figs. 5C and 5D ).
DISCUSSION
We have used confocal laser scanning microscopy in combination with transient expression of tailor-made A. thaliana class VIII myosin cDNA constructs fused to genetically encoded fluorescent protein tags for the in vivo determination of cargo. Such an in vivo imaging approach was already successfully applied for cargo identification of class XI myosins from A. thaliana [Li and Nebenfuhr, 2007; Reisen and Hanson, 2007] . These data have clearly demonstrated that transient expression of myosin cDNA fragments from A. thaliana fused to cDNA of fluorescent proteins results in binding to the same organelles in A. thaliana, N. benthamiana and Allium cepa (onion). This strongly indicates conservation of respective structural features and the underlying binding machinery. Because of the high transformation rate and the expression window of 3-5 days, we have preferentially used the A. tumefaciens based transformation of N. benthamiana. When YFP::ATM2 tail-long and YFP::ATM1 tail were expressed in epidermal cells of A. thaliana leaves upon biolistic transformation, the binding specificities were the same as in N. benthamiana, i.e., small, non-motile peripheral vesicles and plasmodesmata association, respectively (data not shown).
Different Localization Patterns of Fluorescent Protein-Tagged ATM2 Proteins
The head and tail domain of myosins have different functions. The head domain is responsible for force production and movement and binds to actin filaments, whereas the tail domain binds to cargo. It is possible that the binding to actin filaments somehow prevailed when the nearly full-length ATM2 head1tail::YFP construct was expressed (Fig. 3) , since the C-terminally fused YFP molecule might have hindered efficient cargo-binding. The fact that all ATM2 tail constructs labeled vesicles and, on the other hand, the ATM2 head domain (ATM2 head1IQ::YFP) labeled filaments exclusively, is consistent with the idea of different tasks of the head and tail domain. Expression of the different ATM2 tail YFP fusions resulted in varying localization patterns (Fig. 3) , although we observed preferences: the full-length N-terminal tail YFP-fusion (YFP::ATM2 tail-long) labeled small, densely packed, immotile vesicles within the cell periphery, while the C-terminal YFP-fusion of this construct decorated immotile small vesicles along filaments like beads on a string. Surprisingly, the slightly shorter tail domain (YFP::ATM2 tail-short) was found on motile vesicles. However, in coexpression experiments, these different patterns somehow converged (Fig. 4) . This observation suggests that the tail domain of ATM2 probably possesses binding capability to one vesicular cargo only. The variation in the localization pattern of the three constructs might have several reasons. First of all, overexpression of the fusion proteins might result in dominant negative interference with the function(s) of the endogenous, native myosin ATM2. Dominant negative inhibition of transport processes by ectopic overexpression of myosin tail domains has been clearly demonstrated for class XI myosins [Avisar et al., 2008b] as well as for class VIII myosins [Avisar et al., 2008a] and was actually taken as experimental proof for the requirement of the respective myosins in organelle trafficking and plasmodesmatal targeting. Since the expression levels in individual epidermal cells in our experiments certainly vary, the dominant negative inhibition might be different. Furthermore, it can not be ruled out that the strength of cargo binding of the fusion proteins is affected by their length and by the positioning of the fluorescence tag. Consequently, the competition with binding sites of the native protein might be subjected to variation. The degree of the dominant negative effect can vary between experiments and cells. Assuming the native ATM2 is involved in endocytosis, differences in the actual strength of dominant negative inhibition might affect the proportional composition of the various vesicles in this pathway by partly interrupting or at least slowing down the native vesicular flow. This might then finally be reflected by the observed variation in localization patterns of the ATM2 fusion proteins.
Since all our tail constructs possessed the coiledcoil region they potentially would have been able to interact with each other or even with the native ATM2. The formation of such irregular dimers upon coexpression of different constructs might contribute to the merging of localization patterns.
Surprisingly the tail domains of ATM2 were also found within nuclei (Figs. 4C and 4D ). The observed vesicular bodies might represent a sort of deposit due to overexpression of the fusion proteins of ATM2tail; however, the specific localization in the nucleus might indicate a specific nuclear function for ATM2. In mouse cells it was demonstrated that an isoform of myosin I is localized in the nucleus and colocalized with RNA polymerase II [Pestic-Dragovich et al., 2000] suggesting participation in transcription.
Involvement of ATM2 in Endocytosis
Class VIII myosins have been proposed to be the motors for endocytosis in plant cells [Baluska et al., 2004] . Results from pharmacological studies pointed in this direction [Baluska et al., 2004; Samaj et al., 2005] . Furthermore, motility of endosomes is actin-dependent, according to experiments in which the GFP/RFP FYVE construct was used as a reporter in transgenic plants of A. thaliana and Medicago truncatulata in tip-growing root hairs. The identity of the FYVE-labeled endosomes was confirmed in vivo using GFP/YFP-tagged constructs of the endosome-specific plant Rab GTPases Ara6 and RabF2a and by the endocytic tracer FM4-64 [Voigt et al., 2005] . In our study, direct evidence was obtained for the participation of the class VIII myosin ATM2 in endocytosis. The N-terminal YFP fusion of the ATM2 tail domain (YFP::ATM2 tail-long) displayed partial colocalization with the endosomal RFP-fluorescent marker FYVE (Figs. 5A-5C ). The rapidly moving vesicles carrying both tags, YFP::ATM2 tail-long and RFP-FYVE, were preferentially observed in cells possessing lower expression levels. It is possible that the small, immotile vesicles seen in cells with high expression levels are at a very early stage of the endocytotic pathway and thus escaped from tagging by the FYVE marker. In animal cells, myosin VI has an important function in endocytosis. It binds to early endosomes and facilitates further transportation through the endocytotic pathway [Buss et al., 2001; Aschenbrenner et al., 2003] . Overexpression of the tail domain of myosin VI causes a dominant negative inhibition of this pathway. The early endosomes are not processed further and accumulate in the cell periphery. This resembles the picture after overexpression of the ATM2 tail-N-terminal YFP-fusion (YFP::ATM2 tail-long) in N. benthamiana and in A. thaliana cells, namely the occurrence of the bulk of YFP-labeled small, immotile peripheral vesicles (Fig.  5D ). When the widely used endosomal tracer FM4-64 was applied, precisely these vesicles were labeled in cells expressing YFP::ATM2 tail-long (Fig. 5E ). In cells expressing YFP::ATM2 tail-short, however, the resulting YFP-tagged motile vesicles were stained by the internalized FM4-64 dye (Figs. 5G-5I ). This supports the endosomal identity of both sorts of vesicles. Finally, coexpression of the constitutively internalized membrane receptor BRI1 [Russinova et al., 2004] as CFP fusionprotein with YFP::ATM2 tail-long resulted in doublelabeling of vesicles demonstrating again binding of the ATM2 tail to endosomes (Figs. 5K-5M) . Interestingly, in a recent publication the tail domain of ATM1 was also found to colocalize with internalized FM4-64 and partially with the endosomal marker ARA6. In rare cases colocalization with the other markers ARA7 and FYVE was observed [Golomb et al., 2008] . The authors suggest from these results an involvement of class VIII myosins, and particularly of ATM1, in endocytosis.
Association of ATM1 and ATM2 With Sites of Plasmodesmata
Using ATM1-specific antibodies it has been demonstrated that in the apices of maize roots sites of plasmodesmata were labeled along the plasma membrane at newly forming cell walls [Reichelt et al., 1999; Wojtaszek et al., 2005] . The pattern that we observed in mature epidermal cells by overexpression of YFP::ATM1-taillong in N. benthamiana epidermal leaf cells is in agreement with this previous finding (Fig. 6) . The observation, that YFP::ATM2 tail-long is localized occasionally at similar sites, suggests participation in transport processes towards plasmodesmata, perhaps, in combination with ATM1. Very recently, three N. benthamiana orthologs of the A. thaliana class VIII myosins ATM1, ATM2 and ATMB were characterized and shown to be involved in plasmodesmatal targeting [Avisar et al., 2008a] . Furthermore, in another recent publication the tail domain of ATM1 was localized in pit fields accumulating callose and, very remarkably, colocalized with the tail domain of ATM2 at specific sites of the plasma membrane upon transient expression in N. benthamiana leaves [Golomb et al., 2008] . Thus, ATM2 might play a role, though with differential preference, in endocytosis and plasmodesmatal targeting.
CONCLUSIONS
In analogy to the concept of endocytosis in animals and yeast, regulated vesicle trafficking to and from the cell surface probably controls the levels and activities of receptors, transporters and other plasma membrane proteins in plants. This analogy also could hold true for the involvement of myosins in endocytosis as is suggested for animal cells [Buss et al., 2001; Aschenbrenner et al., 2003; Holt et al., 2007] . Accordingly, as our results indicate, the class VIII myosin ATM2 binds to early endosomes and mediate transportation through the endocytic pathway. Other recent data suggest, that ATM2 could act in concert with ATM1 in this respect [Golomb et al., 2008] . In addition, our and other results indicate that the members of class VIII myosins could also cooperate in plasmodesmatal targeting [Avisar et al., 2008a; Golomb et al., 2008] . Hence, it is conceivable that the two classes of higher plant myosins possess differential functions. The class XI members might be essentially required for the transportation of organelles such as Golgi stacks, peroxisomes and mitochondria whereas class VIII members are involved in endocytosis and plasmodesmatal targeting. Further studies have to investigate the detailed sequence of events in plant receptor internalization and the participation of ATM2 and other myosins in endocytic vesicle trafficking and the process of material delivery to plasmodesmata.
